Abstract-In this paper, an adaptive nonlinear tracking controller for an underactuated nonminimum phase model of a marine vehicle is derived. The result is kept flexible enough, throughout its derivation, tu he applicable to a large variety of marine vehicles. The characteristics of the dynamic model are such that solving the tracking problem is non-trivial. Specifically, we consider a propulsion system composed of either a thruster and a rudder, or a vectored thruster, which provides two independent control commands and three degrees of freedom, with an overall unstable zero-dynamics. The tracking pmhlem dealt with in this paper is solved using a hackstepping approach, as well as a technique derived from dynamic surface control theory and the notion of ultimate boundednesn The tracking problem is first solved assuming full knowledge of the geometric and hydrodynamic coefficients appearing in the vehicle's model. The control law is then modified into an adaptive one. Computer simulations are presented to illustrate the performances of the final control algorithm.
I. INTRODUCTION
The controller derived in this paper is designed for the most commonly used propulsion system available on autonomous underwater vehicles as well as surface vessels: a thruster, used for propulsion, and a rudder for stining, or, equivalently, a vectored thruster ([l] ). The propulsion system considered provides two independent control commands, while the vehicle has three degrees of freedom. The vehicle will thus have fewer independent actuators than degrees of freedom, making it underactuated. The corresponding dynamic model is characterized by an unstable zero-dynamics, as mentioned in [2] .
An additional challenge is that the constant parameters characterizing the mathematical model on which the control law is based on are difficult to estimate. Designing a control law not dependent on those parameters is thus highly desirable.
The design of trajectory tracking controllers for underactuated marine vehicles has generated a growing interest over the past few years. Many controllers dealing with such a problem are available in the literature ( [2] - [6] ). In [3] , the case of a surface ship equipped with a pair of propellers is considered. The derived controller yields good results and has the invaluable advantage to be simple enough to implement. However, the desired trajectory is limited to straight lines and circles. In [41, still considering the same type of underactuation as in [31, the authors derive a controller that uses a state estimator to handle uncertainties on state measurement.
In (51, a similar twin propellers scenario is considered. The author, relying on a separation principle, manages to compensate for Ocean currents. To compensate for. the lack of howledge of a vehicle's mathematical model's constant parameters, one can use an adaptive approach. The design of adaptive controllers for marine vehicles has been widely studied. In [7] , the authors present an adaptive control strategy that uses an ermr variable p, which corresponds to the angle between the vehicle's longitudinal axis, and the direction of the vehicle's desired position. The resulting controller solves the regulation problem for an underactuated A W . The controller presented in Section V builds upon the approach introduced in [7] , using the same ermr variable p, hut extending the problem to trajectory tracking, and dealing with an unstable zero dynamics.
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Amplitude saturation effects have been dealt with in [SI,
where an adaptive control law that enforces actuators saturation by modifying the reference system that the vehicle is tracking is designed. In [9], both actuators amplitude and rate saturations are treated. Specifically, the control algorithm modifies the reference input controlling the motion of the reference system in such a way that the actual vehicle, given its actuators limits, can track the reference system without violating the saturation constraints.
The control of underactuated marine vehicles with an unstable zero dynamics (or underactuated nonminimum phase marine vehicles) is an issue rarely addressed. Only one such controller is available in the literature [IO] . But the resulting control law is fairly complex, which makes it difficult to implement.
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In this paper, we will introduce a new nonlinear adap- We chose to track a given trajectoly in terms of both position and attitude. However, having three degrees of freedom and only two control inputs, it is unrealistic to expect to be able to span all trajectories in the configuration space (surge, sway and yaw). Furthermore, as mentioned in [Ill, perfect tracking for a nonminimum phase system is not achievable. Accordingly, the control design objective for such a system should not be perfect tracking, but hounded-error tracking. We are able to solve this problem by designing a control strategy that orients the vehicle toward the desired position, and keeps it at a constant distance from it. By doing so, we introduce a constant position error corresponding to the distance between the vehicle and its desired position, which allows to avoid the occurrence of unstable behaviors of the vehicle. By introducing an error over which we have a certain amount of control, we are able to overcome an undesirable behavior which we would not otherwise be able to avoid. To derive such a control algorithm, we use a backstepping technique similar to that introduced in [12] .
Being able to implement a controller on a vehicle without having to tune it is a desirable feature. The tuning process can indeed be time consuming and quite demanding. Furthermore, the controller will only perform as well as the tuning allows. Thus, instead of tuning the unknown parameters of the vehicle's model, we take initial estimates which will then he refreshed accordingly to update laws that guarantee good tracking properties. We use a Model-Reference Ahptive Contml (MRAC) framework, similar to the one introduced in [91, where the reference model corresponds to a virtual vehicle whose dynamics is described by two independent second order oscillators. This reference system is easily controlled and will accurately track the desired trajectory, while the real system is going to track the reference one.
The stability of the closed loop will be studied using the notion of ultimate boundedness ([13]). Furthermore, we will use a technique derived from dynamic surface control ([14] ) to simplify the expression of the control command. This paper is organized as follows, Section U details the kinematics of the system, Section ID describes the vehicle's dynamic model, and Section N introduces the tracking errors considered. Section V contains the step by step derivation of the control law, assuming perfect knowledge of the vehicle's geometric and hydrodynamic parameters. In Section VI, we transform the obtained control law into an adaptive one. We then present simulation results in Section VU, and our final conclusions in Section VUI.
MARINE VEHICLE KINEMATICS
This paper deals with the design of a controller that only takes into account movements in the horizontal plane. Accordingly, we will use a reduced version of the six degrees of freedom marine vehicle mathematical model introduced in In three degrees of freedom, the projection of a vector expressed in the body-fixed frame ([15]) into the inertial frame is classically accomplished using the transformation matrix cos(w) -sin(w) 0
0
The opposite operation, which consists of projecting a vector from the inertial frame into the body-fixed frame, is accomplished using J-' (v),
Using ( ne angle p E (-X,n] is defined as the angle between p A tal-' (2) , which corresponds to a side thruster placed in front of the vehicle's center of gravity instead of being placed behind, which would be the case corresponding to (7) . The difference between B in (7) and (9) is crucial. With (9), the sway control force bas the same sign as the yawing control moment, while when considering (7), they have opposite signs. This means that if the vehicle must turn right, in the case given by (9), the sway force applied to generate the desired yawing moment will the to the right, helping the maneuver. When considering the B matrix provided by (7), the sway force applied to generate the desired yawing will actually push the vehicle to the left, hindering the movement. This difference is reflected by the zero dynamics of the system, whose behavior is stable when considering (9), while it is not when using (7). as mentioned in [2] . and its time derivative is given by p = -p S S .
(17) V. UNDERACTUATED BACKSTEPPING DESIGN In this section, we derive a control law for an underactuated marine~vehicle whose model is described in Section III.
In Particular, we show how, introducing a maximum tolerable tracking error, it is possible to overcome the zero-dynamics instability of the controlled system, and guarantee not only excellent tracking performance, but also boundedness of the uncontrolled states.
A' Backsfepf'ing~ Techniquel
We want to control the vehicle in terms of distance from the desired position ed and angle p. Thus, we introduce this first function of the errors,
Iv. TRACKING ERRORS vo(ed,P)=edsin'({)
+ f e i .
As mentioned in Section I, we will use a reference model.
This reference model, corresponding to a virtual vehicle is chosen so that it will easily and accurately track a desired trajectory. The challenge then lies in controlling the actual of such a reference system can be arbitriraly chosen. In particular, we chose to adopt the dynamics of two uncoupled second-order oscillators. The interested reader should refer to [I] or [lo] for a detailed presentation of such a choice.
A. Posifion Errors
of reference are respectively defined by where e is the error in position in the inertial frame, P is this same error in osition, but projected in the body fixed frame, positlon of the reference system the vehicle is tracking, and
Using ( Note that the, control action 7 appears explicitly in the expression of 2 (12) through vs. Finally, the distance between the vehicle and its desired position is defined as where 11.11 denotes the Euclidian norm.
Given the complexity of r, we choose to simplify its expression. To do so, we, will use a technique derived from Dynamic Surface Control theory [14]. Instead of using y, we will use
Yr n J;' ( W ) i r -V, + x,
The time derivative of such a distance is given by where x corresponds to r.SP-e'de, passed through the fol-
id = I P S . Finally, from (19), (20) and (24), we obtain that B. Backstepping Technique, Second
Step We now introduce the new function vl(ed,P,a) = edsin2 (g) + t e a + i y~y r , (26) whose time derivative is given by 
where the explicit time dependency comes from the time varying variables ly and E. Now that our control command T* appears explicitly in the expression of V~(ed,p, ~, 7 * , r ) ,
we can easily choose it in order to cancel any unwanted term.
In particular, we choose
The corresponding V~( e d , P ,~, t * , f ) is then given by VI(ed,P,??,t*,t)= -YTG2x
We have V~(ed,p,yr) > O and V~(ed,P,yr,t*,f) < O provided that ed > a. Using ultimate boundedness [13], we can thus guarantee that the system will enter and remain in the domain 9'{P~(--rr,lz],ed<a).
VI. ADAPTIVE CONTROL LAW
In this section, we modify the control law obtained in Section V into an adaptive one, using the framework introduced in 191, improving in this way the flexibility of the control algorithm presented in the previous section.
A. Reformulniing the Control Law Having vz(ed,p,Yf,f)>O a n d V 2 ( e d , p , Y f , T , f ) < O i f e d~a , we can guarantee, using ultimate boundedness theory, that the system will enter and remain in the domain 9 previously defined.
VII. SIMULATION RESULTS
A. Circulor Trajectory
The first maneuver we will attempt is a counterclockwise circle of radius 10m at a velocity of In this first maneuver, we will assume there is no ocean current to perturb the motion of the vehicle. Thus, the initial value for 0 5 will be zero, and we will set r 5 = 0.
Furthermore, ri = 12, i = 1,2,3,4, a = 0.6, and GI = G2 = As shown in Figure 1 , the tracking performances are excellent, and the vehicle is moving in a coherent fashion (the arrows show the orientation of the vehicle).
We used the framework introduced in [9] to enforce command input amplitude saturation, and keep the control efforts at a reasonable level, as shown in Figure 1 . Finally, the 0 estimates converge quickly and remain stable ( Figure   2 ). 
B. Robustness to External Perturbations
We will now consider the motion of the vehicle when it is perturbed by a steady current. The current will be modelled as a force, constant in the inertial frame of reference, similarly to the approach presented in [ The bottom left comer arrow displays the direction of the current. The tracking properties are still good, although the vehicle slightly drifts in the direction .of the current. It can be noticed in Figure 3 that the vehicle orients itself in order to minimize the influence of the current. To get the vehicle's behavior to be noticeably influenced by this external perturbation, we had to use large numerical values of the force modelling the current. Choosing such values for the external perturbation, we had to remove the saturation constraints for the vehicle to be able to cope with the current (Figure 3) .
VIIl. CONCLUSION
In this paper, a backstepping approach and a technique derived from dynamic surface control theory were used to derive a nonlinear tracking control law for underactuated nonminimum phase marine vehicles. The resulting control law can he applied to solve the trajectory tracking problem for any marine vehicle using a propeller and a rudder, or a vectored thruster. The flexibility of the result has been increased by introducing update laws for the estimates of the vehicle's model unknown parameters. It can furthermore handle unknown, constant external perturbations. Computer simulations illustrate the excellent performances of the control algorithm and its robustness to external perturbations.
